SUMMARY
INTRODUCTION
Customer interruption cost due to loss of supply is of crucial importance for electrical network owners. Crucial since this cost can be used as a measure of the reliability worth of a network [1] . One example of this focus on customer interruption cost is the fact that the Swedish Energy Agency, the government body that regulates network tariffs, will apply a newly developed "network performance assessment model" for determining the maximum tariffs. In this model, one of the most important factors is customer interruption cost. This fact combined with the utilities' progress toward cost effective maintenance strategies calls for a new measure of component importance, especially a measure that can be used for prioritization of components based on where maintenance actions reduce customer interruption costs most effectively.
In [2] a method for identifying important components from a customer interruption cost perspective is presented. The proposed importance index, I H , and related maintenance potential render the possibility to evaluate network components from a system perspective. This is achieved by a monetary interpretation of interruptions, which also enable further investigations regarding maintenance actions and their potential benefits. This paper utilizes the developed method in order to prioritize the replacement of overhead lines for a part of the rural electric power network of Kristinehamn, Sweden. The goal is to prove the index useful and to identify areas of further development by means of an applied study.
To demonstrate the suggested method we have studied the 11 kV distribution network of Kristinehamns Energi Elnät, a local utility with 13 000 customers. The network covers the town of Kristinehamn ("the suburban network") and the surrounding countryside up to a radius of about 10 km ("the rural network"). The utility has no production of its own, but draws power from the overlying, regional network through two receiving transformer stations. The purpose of this paper is to answer the following questions:
• What is the reliability worth of a secondary feeding point for overhead lines?
• Given that the overhead lines have to be replaced with under ground cables, in which order should the lines be replaced?
• What is the impact of the replacements in terms of investments costs and customer interruption costs?
COMPONENT IMPORTANCE AND MAINTENANCE POTENTIAL
The utilized importance index is based on customer interruption costs. It is a partial derivative of the total customer interruption cost, with respect to the component's failure rate, [2] ;
where I H is the importance index, i the studied component, C s [SEK/yr] the total expected customer interruption cost per year (where s denotes system i.e. the whole network), and λ i [f/yr] the failure rate of component i.
In order to calculate the expected customer interruption cost per year, C s , data is needed on; components (failure and repair rates), supply and load points, and network structure. Given this input, a reliability analysis can be performed. The reliability analysis combined with interruption cost data for the load points enables the calculation of the expected total interruption cost. Next section presents a description of how the customer interruption cost was calculated in this paper.
H i
I corresponds to the total expected customer interruption cost (for all load points) that would occur if component i failed. A high value of I H implies that a small change in failure rate for the component has a relatively large impact on the system availability (customer interruption cost). A low value implies that a change in failure rate does not affect the system as much. Consequently, the index can be used for prioritization of components and/or maintenance actions. The maintenance potential and the importance index can be used to identify the system's critical components, which are identified on the basis of their impact on C s .
APPLICATION STUDY
The suburban network of Kristinehamn consists of underground cables and the rural network comprises seven separate overhead line systems with a total line length of 110 km. Although the lines are operated as radial, it is possible to close cross connections between some of them during disturbances in order to shorten customer outage times. This paper shows result from application studies for line 1, one of the seven rural overhead line systems. The average power consumption for this line is 220 kW distributed over 16 stations here referred to as load points; the total length is 12.1 km, mostly consisting of overhead lines.
Customer Interruption Cost
Customer interruption costs for the present study are based on a customer survey performed by Swedenergy [3] . The cost of an interruption consist of an initial cost plus a cost that depends linearly on the duration. For every load point information about customer-composition and average energy consumption is used to establish the expected interruption cost. An expression for the calculation of the total expected interruption cost for the studied network, C s , is given as follows; Table 1 . For example one load point could consist of six households (residential) with a total average power of 20 kW and one farm (agricultural) with an average of 10 kW. This would result in an initial interruption cost of 140 SEK (20·2 + 10·10) and a continuously increasing cost of 430 SEK per hour (20·1·4 + 10·1·35). For example 1.5 hours of interruption for that load point results in a total customer interruption cost of 785 SEK (140 + 1.5·430).
Failure Rates
The utility keeps a complete record of interruptions beginning in 1990. We have analyzed all interruptions in the rural network during the period of 1990-1999, dividing them up by failure cause. In Table 2 the causes of failures for overhead lines are listed for the studied 10 years. The number of failures is divided by the total line length (110 km) and the number of years to obtain the average failure rate, 0.12 failures/yr, km. The same approach is utilized for the failure rates for load points and cables. The corresponding value for cables is 0.0082 failures/yr, km. Load points (receiving stations) have a failure rate of 0.032 failures/yr. 
RELIABILITY MODEL
The model of the network includes disconnectors, cables, overhead lines and stations, as shown in Fig. 1 . In the analysis the disconnectors are represented as connection/disconnection points on the line. Since disconnectors do not represent many failures of this network they are not assigned any failure rate. Cables and overhead lines are modeled with a failure rate per kilometer as stated in the previous section. Connecting networks are assumed to have 100% availability .   0  500  1000  1500  2000  2500  3000  3500  4000  4500  0   500   1000   1500   2000   2500   3000   3500   4000   4500   T106  T101  T111   T121   T122   T123   T102   T107   T132  T131   T141   T103   T104   T105 [4] . There are also available methods using these indices in the process of finding optimal strategies for distribution planning e.g. [5] . However, with the utilized failure model, the expected SAIFI becomes 1.8 failures/yr and SAIDI 2.3 h/customer, yr for line 1. These expected results can be compared with statistics from the studied ten years (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) ) that indicate a SAIFI of 0.7 failures/yr and a SAIDI of 1.04 h/customer, yr for the actual line. At first it might seem that the model is quite wrong, i.e. only approximately 40% of the predicted failures actually occurs. But it rather indicates a possible weaknesses of the failure data, namely that failure rates are averages, and for example it is not accounted for whether a line goes through forest or not. The discrepancy for line 1 can actually to a great extent be explained by the fact that line 1 mainly goes through forest free areas, for example following the railroad and going over fields. Based on this new information and Table 2 , it would be reasonable to half the number of failures for line 1. Doing this, results in indices that are very close to actual indices, i.e. expected SAIFI becomes 0.9 failures/yr and SAIDI 1.1 h/customer, yr.
THE RELIABILITY WORTH OF A SECONDARY FEEDING POINT
In this section we analyze the reliability worth of a secondary feeding point. In order to achieve this we make an analysis of the two cases, i.e. the radial case and the meshed case. Figure  1 presents the modeled network (line 1). In the figure the secondary feeding point is identified with a diamond. Figure 2 presents the computed importance index (y-axis) plotted versus the maintenance potential (x-axis) for the radial case. The components close to the feeding points are, not surprisingly, the ones with the highest reliability importance. The reliability importance decreases with the distance to the supply point or more specifically with the decreasing number of customers depending on the function of the component. One interesting thing to note is the horizontal "floor" in the diagram (at 8000 SEK/failure) that can be derived from the reliability model. That is, since all components affect all customers until the fault is disconnected all components are important. In systems with automatic switching devices available, this floor generally does not exist, which for example can be seen in [2] . Looking closely, it is possible to identify that the values in the plot are located on 11 horizontal lines, that is 11 levels of reliability importance. This, as well as the "floor", derives from the reliability model and the functionality of the network. Since there are 11 areas that can be isolated with disconnectors, all the components in these sectors will be given the same importance. This is reasonable, since the importance of the components can be interpreted as the interruption cost caused by the component in the case of failure. The sum of the maintenance potential for all components gives an estimate of the total expected interruption cost to 20 kSEK/yr for the radial case. Figure 3 presents the importance index plotted versus the maintenance potential for the case with a secondary feeding point (meshed case), utilized in the case of interruption. One interesting thing to note is that this plot seems compressed compared to the corresponding plot for the radial case. The floor is still the same, since the utilization of the secondary feeding point involves approximately the same manual actions as the radial case. The existence of 11 horizontal lines is equally true for the meshed case as for the radial case. The
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Session 5 most important components are the ones that are located in the same isolation area as the load point T101 followed by the components in the area with T103 and T141. The reason for these components' relatively high importance is that "their" load points are high cost load points. The component with the highest maintenance potential is the line connecting T103 and T104. This is one of the longest line segments (components) and hence has a high failure rate. Combined with a high reliability importance, this results in a high maintenance potential. Notice that since this is one of the longest lines, it is also one of the most expensive to maintain/replace. The total expected interruption cost caused by line 1 with the meshed structure is approximately 15 kSEK/yr. 
Evaluation of the Secondary Feeding Point
The value of a secondary feeding point can be established by comparing the radial case with the meshed case. The analysis shows a reduction of customer interruption cost by approximately 5 kSEK/yr for the studied line. Bearing in mind that the extra feeding point can also be used the other way, i.e. feeding another line (line 2), the value of the secondary feeding could be roughly estimated to the double (10 kSEK per year). With a net interest of 6% over a 30-year period this corresponds to an investment of roughly 700 meters of cable, today. Since line 1 and 2 are separated with a distance of approximately 700 meters, we can conclude that it was reasonable to connect them.
PRIORITIZATION
In the following calculations we will consider the meshed case. With the importance index presented in Fig. 3 , it is possible to sort the components with respect to their reliability importance into a so-called prioritization list, presented in Table 3 . The prioritization list can be used to identify components with extreme reliability importance (high and low), and special actions can be considered for these components. Components with a high reliability value (I H ) should probably get much attention in terms of maintenance and/or redesign, while components on the lower side may be over-maintained today. Another use of the reliability values is that they could be used to indicate whether the current management of the network is appropriate or if there are some unbalances. 10843  862  T103, T141  10544  1192  T131, T132  9553  1368  T104  9463  946  ---9365  173  T121  9365  1116  T111  9205  481  T106  8191  1386  T105, T151  8074  1901  T122, T123  7935  627  T102, T107 7523 1634
The '---' represent the small segment that not incorporates any load point.
In the case of overhead lines, a prioritization list provides decision support for actions such as what segments to replace with cables first and where it is important to work with intense tree trimming (as well as where it might be wise to trim less intensely). Hence, the prioritization list is a tool that can provide answer to the question of in what order the overhead lines should be replaced with cables.
Economical Analysis
In this economical analysis we focus on the replacement of overhead lines with cables. In the analysis the costs has been included not only for replacement of the actual line, but also for stations, 25 % digging, a certain amount of BLX and a number of minor costs. These costs are estimated to averages per kilometer in accordance with a study performed by Swedenergy [6] . Note that costs for customer support and public relations are not included. The major reason for not including them in the analysis is that they are hard to estimate. Another difficult to estimate cost, which is not included, is the administration cost that occurs both in the case of preventive and corrective maintenance. Figure 4 , base case, displays the relationship between investment costs and customer interruption costs for overhead lines, given that they are replaced with cables. Lines with high importance indices are replaced first. Due to the relatively low variation in component importance, the points in this graph come close to a line. The previously mentioned 11 levels of importance can be identified in this picture as 11 sets of slopes through the points. The reader may notice that the points in the right part of the figure are almost completely leveled out. This is due to the fact that these lines actually already consist of cables and hence a replacement of them does not make sense (at least with the utilized assumption of constant failure rate).
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The identified relationship between customer interruption cost and investment costs clarifies the impacts of investments in cables, given that the investments are performed according to the prioritization list.
Tree Scenario
The results of a simulation based on that half of the line segments go through forest can be seen in Fig. 4 , i.e. the tree scenario. In this scenario we have assumed that overhead lines in forest have a failure rate which is 50% higher than the average overhead line, and that overhead lines in open areas have a 50% lower failure rate. This is based on the approximation that 50% of all overhead lines go through forest combined with the information given in Table 2 . This is an effect of that 67 out of 132 failures are tree related. As stated earlier, line 1 is not to a great extent affected by trees, but in order to evaluate the method we have made these assumptions. In Fig. 4 a distinct leveling can be seen at approximately 750 000 SEK of investment for the tree scenario. This is where all overhead line sections that go through forest areas have been replaced with cables. Hence, at this point further investments do not pay off as much as earlier investments in terms of customer interruption costs. Due to the randomization of areas with forest, the plot starts at a lower value than the previous one. The cause of this is that most of the forest-affected lines are below average importance. 
DISCUSSION
The difference between the highest and lowest component importance is not that large in this case study. This results in that other factors might contribute more than the component importance for maintenance prioritization. One example is the status of wood poles, i.e. one major reason for renewing might be the condition of wood poles. Components in a generally bad condition are likely to be prioritized, since these most probably are prone to have more failures than the average component. The reason for why the presented method does not identify these "critical" components is the assumption of a common failure rate (per km) for the overhead lines. However, component condition might be possible to include in the calculation of maintenance potential by more detailed estimates of the failure rates.
CONCLUSION
In this paper we have presented a method for establishing the value of a network's components from a reliability worth perspective. The method has then been applied to evaluate the value of a secondary feeding point as well as the best replacement strategy for the involved overhead lines.
The conclusion is that the proposed method can be applied to real life networks. It is data demanding but produces results that are valuable for the network owner.
